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Objectives. This study sought o investigate the influence of 
stimulation site on the properties of the circuit in ventricular 
tachycardia. 
Background. A fully excitable gap can be demonstrated in most 
human ventricular tachycardias. This requires the presence of an 
arc of block so that the entire circuit can recover from refracto- 
riness within the period of the cycle length. Resetting character- 
izes the conduction properties of the tissue within the ventricular 
tachycardia circuit. Previous studies have not investigated the 
possibility of site-dependent differences in the resetting response. 
Methods. Resetting was performed from the right ventricular 
apex and outflow tract in 23 patients. Two characteristics ofthe 
resetting response were analyzed: 1) the total duration of the flat 
portion, and 2) the slope of the increasing portion. 
Results. A flat portion of the resetting response was observed in 
18 tachycardias; in 8 of the 18, there was a significant site- 
dependent difference (_>40 ms) in the duration of the flat portion. 
A significant site-dependent difference in the slope of the increas- 
ing portion of the resetting curve was seen in 6 of 22 tachycardias. 
In all, a stimulation site-dependent change in at least one 
characteristic ofthe resetting response was seen in 12 (52%) of the 
23 tachycardias. 
Conclusions. A stimulation site-dependent change in the flat 
portion of the resetting response is compatible with an arc of 
block that is at least partially functional in nature. A change in the 
slope of the increasing portion is compatible with either partially 
functional circuit barriers or variation in properties of conduction 
and refractoriness atdifferent locations within the circuit, or both. 
These observations suggest that a spectrum of circuit properties 
may exist in humans, with a variable contribution of anatomic and 
functional characteristics. 
(JAm CoU Cardio11996;27:1106-11) 
Observations from animal experiments (1-4) and human 
subjects (5,6) provide convincing evidence to support a reen- 
trant mechanism for ventricular tachycardia n the setting of 
healed myocardial infarction. One of the most distinctive 
characteristics of human ventricular tachycardia n the setting 
of healed infarction is the existence of a fully excitable gap, 
which can be demonstrated in -70% of uniform, sustained 
ventricular tachycardia and may account for 15% to 35% of the 
tachycardia cycle length (7-9). This implies the existence of an 
arc or arcs of block that allow recovery from refractoriness 
during the time period defined by the ventricular tachycardia 
cycle length at all locations within the circuit but prevents 
"short-circuiting." The nature of this arc of block, and partic- 
ularly whether it is anatomically or functionally determined, is 
not clear (10-15). 
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Resetting has been used to characterize the conduction 
properties of the tissue within the ventricular tachycardia 
circuit (7-9,16-21). Specifically, the duration of the flat por- 
tion of the resetting curve provides an assessment of the 
temporal duration of the fully excitable gap (7-9,16), and the 
slope of the increasing portion of the curve provides an 
assessment of the relative refractoriness of the partially excit- 
able gap (18,21). Previous studies have examined resetting 
response curves using pacing at single sites, typically the right 
ventricular apex. The purpose of the present study was to 
determine whether there are site-dependent aspects of the 
resetting response during pacing from two sites: the right 
ventricular apex and outflow tract. Our hypothesis was that 
site-dependent changes in the resetting response may be 
consistent with circuit barriers that are at least partially 
functional in nature. 
Methods  
Study patients. Twenty-three distinct configurations of 
uniform, sustained ventricular tachycardia from 23 patients 
were included for study. For inclusion in the analysis, the 
following characteristics were required for all tachyeardias 
(7-9,16): 1) The tachycardia was hemodynamically well toler- 
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ated and had a constant cycle length (<20-ms variability over 
20 consecutive beats); 2) resetting was demonstrated with 
single or double ventricular extrastimuli, or both, over a range 
of coupling intervals (->40 ms) from both right ventricular 
sites; and 3) the entire flat portion or a sufficient portion of the 
increasing curve of the resetting response (->30 ms) to allow 
calculation of a slope was determined from both right ventric- 
ular sites. All ventricular tachycardias were reproducibly in- 
ducible using programmed stimulation. 
All 23 patients (19 men, 4 women; 42 to 76 years old, mean 
age 61.9) had a previous myocardial infarction and were 
undergoing electrophysiologic study for the evaluation of 
documented sustained ventricular tachycardia oraborted sud- 
den cardiac death. Mean left ventricular ejection fraction was 
32 _+ 8%. Thirteen patients were receiving antiarrhythmic 
medications at the time of the study: type IA agents with or 
without mexiletine (six patients): amiodarone and propafenone 
(two patients each); and flecainide, d-sotalol and amiodarone plus 
mexiletine (one patient each). Written informed consent was 
obtained from all patients. 
Stimulation protocol. Episodes of ventricular tachycardia 
were reproducibly induced by a standard stimulation protocol, 
described elsewhere (22). Briefly, up to three ventricular 
extrastimuli were delivered, scanning diastole, from two right 
ventricular sites after 8-beat drives at two cycle lengths. Three 
to five surface electrocardiographic (ECG) leads and two to 
five bipolar intracardiac electrograms were monitored on an 
oscilloscope, stored on magnetic tape or optical disk and 
recorded using an ink jet mingograph at a paper speed of 
100 mm/s. 
Stimulation during ventricular tachycardia. Ventricular 
extrastimuli were delivered from the right ventricular pex and 
outflow tract during ventricular tachycardia tocharacterize the 
resetting response from both sites. The resetting protocol has 
been described previously (7-9,16). Briefly, single ventricular 
extrastimuli were introduced at twice diastolic threshold over a 
range of coupling intervals, starting 20 ms less than the 
tachycardia cycle length and decrementing in 10-ms teps until 
the tachycardia terminated or until the local effective refrac- 
tory period was reached. Double ventricular extrastimuli were 
then delivered (17 patients) in the following manner. The first 
extrastimulus coupling interval was fixed 20 ms above the 
longest coupling interval that resulted in resetting or 20 ms 
above right ventricular efractoriness if resetting was not 
observed. The second extrastimulus was introduced at a cou- 
pling interval equal to the ventricular tachycardia cycle length, 
and the coupling interval was decreased in 10-ms steps as 
described previously. Resetting was said to occur when the first 
nonpaced complex demonstrated a less than compensatory 
pause without changing the configuration rthe cycle length of 
the spontaneous tachycardia (7-9,16). The return cycle, the 
interval from the last pacing stimulus to the onset of the first 
postpacing beat, was measured using the intracardiac record- 
ing at the pacing site. The extrastimulus coupling interval was 
also measured from the electrogram recorded at the pacing 
site. The coupling interval represents relative data about he 
prematurity with which the impulse interacts with the circuit; 
differences in conduction times from the pacing sites to the 
circuit prevent comparisons between the response to extra- 
stimuli at a given coupling interval from the right ventricular 
apex versus the right ventricular outflow tract. This apparent 
limitation is overcome by considering the entire resetting 
response curve rather than the absolute return cycle at a given 
coupling interval. 
When double ventricular extrastimuli were delivered, the 
coupling interval was expressed as the corrected coupling 
interval (20), not the V-S2 or the $1-$2 interval. The corrected 
coupling interval was defined by the prematurity of the extra- 
stimulus relative to the next expected tachycardia beat. In 
three patients, double extrastimuli were delivered from the 
right ventricular apex, but only single extrastimuli were deliv- 
ered from the outflow tract. The flat and increasing portions of 
the resetting response, corresponding to the fully and partially 
excitable gap, were characterized aspreviously described (7). 
The following characteristics were measured uring reset- 
ting from both sites: 1) the degree to which the return cycle was 
advanced in time (relative to when that beat would have 
occurred if paced beats had not been delivered), 2) the entire 
duration of the fiat portion of the resetting curve, and 3) the 
slope of the increasing portion of the resetting response, as 
determined by linear regression (18). The entire duration of 
the fiat portion of the resetting curve was considered to have 
been determined only if the inflection point that defined the 
beginning of the increasing curve was achieved or the tachy- 
cardia terminated before local refractoriness atthe pacing site 
limited further decrement in the coupling interval. If extra- 
stimuli resulted in ventricular tachycardia termination before 
completion of the resetting analysis from both sites, pro- 
grammed stimulation was repeated, and the protocol was 
continued after verification that the same tachycardia config- 
uration was initiated (as assessed by the 12-lead ECG) at an 
identical cycle length (_+20 ms). 
Statistical analysis. Characteristics of the resetting re- 
sponse determined from the right ventricular apex and the 
right ventricular outflow tract for each ventricular tachycardia 
were compared using the Student t test for paired samples. A
pooled estimate of variance was used in comparing the slopes 
of the increasing resetting response. Results are expressed as 
mean value _+ SD. A p value <0.05 was considered significant. 
A difference in the duration of the flat portion of the resetting 
response of ->40 ms (right ventricular apex vs. right ventricular 
outflow tract) was considered significant. This definition was 
arbitrary but was based on the criteria necessary to identify a 
flat portion of the resetting response (a return cycle increment 
of -<10 ms over a range of coupling intervals ->30 ms [7]). 
Resul ts  
Tachycardia characteristics. The mean ventricular tachy- 
cardia cycle length was 393 _+ 68 ms. A flat portion (->30 ms) 
of the resetting response was determined in 18 tachycardias. 
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Table 1. Comparison f Resetting Response (duration of flat curve and slope of increasing curve) 
From Right Ventricular Apex and Outflow Tract 
RVA RVOT 
Pt 
No. VT CL Pattern Flat Slope Flat Slope Comparison 
1 360 F + INC 50 1.000 130 0.750 * 
2 320 INC - -  1.017 - -  0.903 
3 470 F + INC 70 1.214 0 0.696 * 
4 360 F + INC 0 0.558 40 0.500 * 
5 370 F + INC 90 1.030 110 1.000 ? 
6 390 INC - -  1.018 - -  0.935 
7 355 F + INC 0 0.879 30 0.782 "~ 
8 310 F + INC 90 0.857 80 0.300 :~ 
9 400 F + INC 50 0.673 50 0.590 t 
10 420 INC - -  1.000 - -  0.860 
11 530 F + INC 80 1.464 0 0.986 * 
12 430 F + INC 0 0.968 30 0.560 :~ 
13 415 F + INC 40 - -  30 - -  
14 350 F + INC 40 0.000 0 1.071 *$ 
15 430 INC - -  0.958 - -  1.039 
16 365 INC - -  0.923 - -  0.836 
17 350 F + INC 30 1.516 0 1.743 t 
18 500 F + INC 160 0.900 160 0.964 * 
19 470 F + INC 170 1.000 0 0.803 *:~ 
20 370 F + INC 40 0.979 50 1.027 t 
21 295 F + INC 30 0.950 30 0.750 t 
22 500 F + INC 100 1.729 150 0.000 *$ 
23 275 F + INC 30 0.857 30 0.900 t 
*Flat duration different by ->40 ms. tBoth flat duration and increasing slope similar from both sites. :~Increasing slope 
significantly different (p < 0.05). CL = cycle length; F = fiat; INC = increasing curve; Pt = patient; RVA = right 
ventricular apex; RVOT = right ventricular outflow tract; VT : ventricular tachycardia. 
The slope of the increasing portion of the resetting curve was 
determined in 22 tachycardias. 
Comparison of resetting response from right ventricular 
apex and right ventricular outflow tract. The characteristics 
of the resetting responses measured in each tachycardia are 
shown in Table 1. The mean duration of the flat portion of the 
resetting curve (59.4 _+ 49.0 ms from the right ventricular apex 
vs. 51.7 _+ 54.0 ms from the right ventricular outflow tract, p = 
NS) and the mean slope of the increasing curve (1.0 __ 0.43 
from the right ventricular apex vs. 0.90 _+ 0.56 from the right 
ventricular outflow tract, p = NS) did not differ between right 
ventricular apex and right ventricular outflow tract. The flat 
portion of the resetting curve averaged 14.5 __ 12.0% of the 
tachycardia cycle length (determined from the site with the 
longest flat portion). 
The return cycle beat was advanced by a mean of 86 +_ 
66 ms (range 20 to 240), corresponding to 21 _ 14% of the 
tachycardia cycle length (range 5% to 48%, determined from 
the site with the greatest degree of advancement). Tachycar- 
dias with some duration of a flat response were advanced to a 
greater extent han those with a purely increasing response 
(104 _+ 64 vs. 22 _+ 4, p < 0.001). There was no site-dependent 
difference in mean degree of advancement. 
A significant difference (->40 ms) in the duration of the flat 
portion of the resetting response as determined from the right 
ventricular apex versus right ventricular outflow tract was 
observed in 8 of 18 tachycardias (Fig. 1). In five of these eight 
tachycardias, a purely increasing curve was measured from one 
site (duration of the flat portion 0 ms), but a large flat portion 
(82 + 46 ms, range 40 to 170) was observed when extrastimuli 
were delivered from the other site. Tachycardias that demon- 
strated a change in the duration of the flat portion of the 
resetting response with pacing from different sites had longer 
cycle lengths (434.3 _+ 75.5 vs. 374.7 +_ 58.3 ms, p = 0.052) and 
a longer duration of fully excitable gap (97 _+ 53 vs. 43 +_ 46 ms, 
p < 0.02) than those that had similar responses from the two 
sites. A significant difference in the slope of the increasing 
response as determined from the right ventricular apex versus 
right ventricular outflow tract was observed in 6 of 22 tachy- 
cardia (Fig. 2). In all, at least one characteristic ofthe resetting 
response changed uring resetting from the two different sites 
in 12 of the 23 tachycardias. In 7 of the 17 tachycardias where 
both characteristics ould be evaluated, there was no change in 
the resetting response determined from two right ventricular 
sites (Fig. 3). 
Tachycardia termination during resetting. The delivery of 
extrastimuli resulted in ventricular tachycardia termination i
six patients. In three patients, termination occurred with 
pacing from both sites, in one only from the right ventricular 
apex and in two only from the right ventricular outflow tract. In 
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Figure 1. Resetting patterns from the right ventricular pex (squares) 
and outflow tract (diamonds). The resetting response is graphically 
displayed with the corrected coupling interval on the x axis and the 
corresponding return cycle on the y axis. In this patient, resetting from 
the right ventfieular apex resulted in a flat plus increasing curve, with 
the duration of the flat curve extending 80 ms. Resetting from the right 
ventricular outflow tract resulted in a purely increasing curve with no 
flat portion. There was no significant difference in the slopes of the 
increasing curves determined from the two sites (right ventricular 
apex, 1.46 _+ 0.26; fight ventricular outflow tract, 0.99 _+ 0.05, p = NS). 
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Figure 3. Identical resetting response from two right ventricular sites. 
Resetting from both the right ventricular apex (squares) and fight 
ventficular outflow tract (diamonds) resulted in a flat plus increasing 
response. The duration of the flat portion of the curve was 160 ms from 
both sites. The slope of the increasing portion of the curve was 0.90 _+ 
0.10 from the right ventficular apex and 0.81 _+ 0.06 from the right 
ventricular outflow tract. Format as in Figures 1 and 2. 
two patients, termination occurred without demonstrating an 
increasing resetting response pattern (Fig. 2). 
Figure 2. Resetting patterns with different flat durations and increas- 
ing slopes. Resetting from the right ventricular apex (squares) results 
in a flat pattern with a duration of 50 ms and no increasing portion. 
The entire duration of the resetting curve is determined because the 
tacbycardia terminated in response to extrastimuli. Although the 
entire curve from first reset to tachycardia termination was also 
determined from the right ventricular outflow tract (diamonds), the 
resetting pattern was completely different. No flat portion of the curve 
was demonstrated, but an increasing curve was observed over a 50-ms 
range of coupling intervals, term = termination i  response to an 
extrastimulus atthat corrected coupling interval. Format as in Figure 1. 
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Discuss ion  
Site-dependent changes in the fully excitable gap. In 8 of 
18 ventricular tachycardias, a significant site-dependent change 
in the duration of the flat portion of the resetting curve was 
observed. One explanation for this observation is an arc of 
block that is at least partially functional in nature. The 
conceptual background for this hypothesis is as follows. In a 
model of reentry with an anatomic central barrier, Bernstein 
and Frame (10) demonstrated that a flat resetting response 
indicates that the stimulated impulse propagates through fully 
recovered tissue in all portions of the circuit. In other words, 
the duration of the flat portion of the resetting response 
measures the duration of the shortest fully excitable gap within 
the circuit. Furthermore, in a limited number of preparations, 
they showed that the duration of the fully excitable gap was the 
same when determined with pacing at different sites. Site- 
dependent changes in the fully excitable gap are not seen 
because the excitable gap is determined by the characteristics 
of the circuit path and the central barrier, both of which are 
fixed in an anatomically determined circuit. 
If, on the other hand, the arc of block is even partially 
functionally determined, and particularly if its maintenance 
depends on the anisotropic properties of the ventricular myo- 
cardium, then its characteristics might change if stimulated 
wavefronts from different directions interacted with the circuit 
(15,23). Alterations in the arc of block, even if transient, could 
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change the circuit path length or wavelength, or both, and 
could result in a change in the characteristics of the excitable 
gap. Paced impulses from different sites could theoretically 
alter (shorten or lengthen) apartially functional central barrier 
by differential effects on refractoriness, conduction velocity or 
safety factor for conduction, all mediated by the nonuniform 
anisotropic properties in diseased myocardium (4,24). The 
barrier is reestablished with the first postpacing beat, because 
the tachycardia cycle length and configuration remains un- 
changed. 
Three alternative xplanations for site-dependent changes 
in the fully excitable gap should be considered: 1) Although 
resetting coupling intervals scan diastole, tissue anisotropy 
inside and outside the circuit may prevent he impulse from 
arriving at critical portion of the circuit "late" in the cycle 
(when the circuit is most completely recovered from refracto- 
riness). Relatively "early" arrival of the stimulated impu!se 
may mimic the absence of a flat resetting zone. 
2) The apparent absence of a fully excitable gap could be 
mimicked by decremental conduction caused by retrograde 
concealment if the exit site were captured antidromically by 
the paced impulse at one site and not another. This seems 
unlikely given the substantial degree to which the tachycardia 
was advanced with extrastimuli. Furthermore, Almendral and 
co-workers (25) showed that antidromic capture was not 
consistently associated with an increase in return cycle during 
overdrive pacing, even at rates as fast as 63% of the tachycar- 
dia cycle length. The interaction of a single paced beat with the 
circuit would be even less likely to cause significant conceal- 
ment. 
3) Paced beats from the site associated with the shorter fully 
excitable gap may cause collapse of the arc of block rather than 
short-circuiting avulnerable portion of it. Because the config- 
uration of the return cycle beat matches that of the unper- 
turbed ventricular tachycardia, immediate reconstruction of 
the circuit must occur to inscribe a return cycle beat with the 
same morphology. This behavior has been observed in animal 
models of anisotropic reentry during resetting and overdrive 
pacing (23,26,27). 
The slope of the increasing curve of the resetting response 
exhibited site-dependent differences in 6 of 22 tachycardias. In 
a model of anisotropic reentry, Hanna et al. (27) demonstrated 
that the slope of the increasing curve varies considerably 
according to the site of stimulation. Changes in the slope of the 
increasing curve resulted from variable degrees of interval- 
dependent conduction slowing at the turning points of the 
circuit or a prolongation i the central lines of apparent block, 
resulting in a longer path length for the return cycle beat. The 
observations of the present study are compatible with similar 
site-dependent change in a partially functional barrier; how- 
ever, an alternative xplanation must also be considered. The 
increasing portion of the resetting response represents the 
degree of interval-dependent conduction delay in the least- 
recovered tissue within the circuit. Stimulated impulses from 
different sites could encounter different areas of incompletely 
recovered tissue in circuits with wide or multiple entrance sites. 
Proximal delay at one site may allow more complete recovery 
of a segment that was the "limiting factor" during stimulation 
at a different site (18). In this circumstance, the slope would 
change to reflect the characteristics of the area that was the 
new "limiting factor." Nonetheless, a change in the slope of the 
increasing curve with resetting from different sites again raises 
at least the possibility of partially functional central barriers. 
In 11 of the 23 tachycardias, ite-dependent changes in the 
resetting response were not observed. In these tachycardia 
circuits, either extrastimuli are not a sufficient impetus to alter 
a functional barrier or the arc of block is anatomically deter- 
mined. Alternatively, the infarcted tissue surrounding the 
circuit may restrict the access to the circuit so that stimuli 
delivered from different sites still interact with the circuit in the 
same manner. The data from the present study cannot distin- 
guish between these possibilities. 
Termination of ventricular tachycardia without demonstra- 
tion of an increasing response. Typically, pacing-mediated 
termination of ventricular tachycardia s preceded by evidence 
of a progressive increase in conduction time within the circuit 
(i.e., an increasing resetting response) (16,28-30). This reflects 
the development of interval-dependent conduction delay, 
which eventually leads to orthodromic block of the paced 
impulse. There arc several possible xplanations for termina- 
tion without a preceding increase in return cycle: 1) An 
increasing curve may exist but not be demonstrated because of 
the relatively large (10-ms) decrements in successive coupling 
intervals. 2) Termination could be caused by sudden anti- 
dromic capture of the exit site of the circuit, which would not 
be dependent on the previous development of orthodromic 
conduction delay. 3) Any of the mechanisms discussed previ- 
ously by which paced impulses may cause either partial or total 
collapse of the circuit barriers could cause termination if the 
paced impulse encounters inexcitable tissue, resulting in bidi- 
rectional block. 
Study limitations. The tachycardias in the present analysis 
were highly selected, and the observations may not be appli- 
cable to all ventricular tachycardia n humans. To be included, 
a sufficient portion of the resetting curve had to be determined 
(the entire flat portion or ->30 ms of the increasing portion) to 
allow comparison between the results from both sites. Because 
of the prolonged nature of the stimulation protocol, the study 
was performed only during well tolerated tachycardias, neces- 
sitating antiarrhythmic medications in 13 patients. Although 
the effects of antiarrhythmic drugs on the circuit barriers are 
unknown, changes in the resetting response (right ventricular 
apex vs. right ventricular outflow tract) were observed in 
patients independent of antiarrhythmic drug use. In addition, 
previous studies using resetting and overdrive pacing have 
demonstrated that the tissue within the circuit, rather than the 
intervening tissue, is the site of preferential antiarrhythmic 
drug action (31-33). 
Resetting was not performed with double extrastimuli in all 
patients. In three ventricular tachycardias, resetting with dou- 
ble extrastimuli from one site was compared to resetting with 
single extrastimuli from the other. Double extrastimuli can 
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provide a more complete characterization of the resetting re- 
sponse than single extrastimuli (8) because they overcome the 
effects of local refractoriness to allow relatively more premature 
impulses to encounter the circuit. The additional data points 
collected at shorter coupling intervals using double extrastimuli 
do not alter the comparisons because ventricular tachycardias 
were included in this analysis only if 1) the entire duration of flat 
curve or 2) the slope of the increasing portion was characterized. 
Finally, the use of pacing and recording sites distant from the 
tachycardia circuit may be criticized; however, previous studies 
using recordings from the ventricular tachycardia circuit have 
demonstrated that the resetting response is determined by the 
conduction characteristics of the reentrant circuit rather than 
those of the intervening tissue (7,8,16,20,21). 
Conclusions. Stimulation site-dependent changes in the 
resetting response occur frequently in human ventricular 
tachycardia. Although other explanations are possible, these 
results are compatible with the hypothesis that a spectrum of 
circuit properties may exist in humans, with a variable contri- 
bution of anatomic and functional characteristics. The poten- 
tial mutability of the arc of block may have important impli- 
cations for the efficacy of antiarrhythmic drug and ablative 
therapies. Detailed mapping in models of reentry that closely 
approximate the electrophysiologic substrate of human ven- 
tricular tachycardia may help resolve these questions. 
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